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ABSTRACT

The subject of this thesis is to predict the induced spatial
current density distribution in biological systems due to a time varying
magnetic field. Maxwell’'s equations are solved wusing an iterative
technique Xnown as the Relaxation Method. Results indicate that the
induced spatial currents are a strong function of the particular boun-
daries of the system being studied. Variations of more than an order of
magnitude in a small area are found for some idealized bome fractures.
Also the direction of flow tends to be parallel to the bome rather than
across the gap as is commonly assumed.




CHAPTER 1
INTRODUCTION

The effects of 1low level electromagnetic energy omn biological
systems have been documented in several carefully designed experiments
[1-4]. This effect can range from increasing the lifespan of mice
infected with melanomas (in conjunction with chemotherapy)[1], to mod-
ulating the rate of bone fracture healing [2], to adversely affecting
the growth of damaged embryos [3]. The exact coupling mechanism between
the cell and electromagnetic field is still unknown. In order to deter—
mine what this coupling mechanism is, experiments must be designed to
have .a tight controi of variables. Temperature, the process used to test
the hypothesis, the system being used, and the electromagnetic fields
(both spatially and in the time domain) stimulating the system should be
monitored.

Until recently the spatial electric currents induced in biological
systems by ﬁelmholz coils were for the most part ignored. McLeod and
Sampsel [5,6] have demonstrated that the spatial currents that are
introduced into some biological systems can vary by an order of mag-
nitude or more in a very’small space. Since the exact coupling mech-
anism isn’t known, researchers should be aware of ﬁoth the spatial
current densities and magnetic fields in the?r systems.

The work done by MclLeod and Sampsel was aimed at simple boundaries

whose solution could be determined analytically. In many cases boundar-—
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ies do not lend themselves to a straightforward analytic solution. The
main contribution of this thesis is to present a numerical method to
solve some of these complex boundary valﬁe problems. Two main systems
are looked at separately. A rectangular coﬁducting box is used to verify
that the method is accurate, and an idealized two—dimensional bone
fracture with different types of bone—flesh boundaries at the site of
the fracture is examined in more detail.

Another point that will be addressed in this thesis is how to
present the data from these models so that variety of research personnel
in such diverse fields as biology, medicine, and engineering can use it.
Four methods will be used varying from regular graphs to “three dimen—
sional™ views of the system. These methods will be applied to a simple

example (a square box) to show how they may be used in conjunction with

each other. Finally the bone models will be presented.

-




CHAPTER 2

' THE RELAXATION METHOD APPLIED
TO ELECTROMAGNETICS FIELD PROBLEKS

Derivation of the Difference Equation

The differential equation for tﬁe H field can be derived by
starting with Maxwell's fourth equation,
VHS= ?E + é(EE)/at. K (1)
Assuming the second term on the right hand side of the equation is small
compared to the first term (see discussion on pages 6 and 7 under
"assumptions") and taking the curl of both sides yields
V(V - H) -V2H =V x oF. ' (2)
The first term on the left hand side is equal to 0 by Maxwell’'s second
equation
V=0, (3)
Substituting Maxzwell'’s third equatioﬁ,
V x E = -a(pH)/0t, (4)
into the right hand side of (2) yields
Vz H = podH/dt. (5)
It is seen that this is an equation only in H. After this equation has
been solved the current density T can be calculated from (1)
oE =7 =V x H. (6)
For a two—dimensional case (X-Y plane) with only a Z component of the H

field, (5) and (6) reduce to

a2H_/ax* + 92H_/dy* = podH /dt, (7)
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J

, = o1 /3y, (8)

Jy = —aﬂz/ax. (9)

Equation (7) can be approximated with a difference equation. If we
take the continuous function Hz(x.y) and approximate it with a discrete
set of points Hxn,yn. then the spatial derivatives aznz/axz can be

approximated by the difference equation
2 2 ~ —_— '

920 _/dx? ~ (Bx_ .,y +Hx _ .y ‘2Hxn,yn)/A§2, (10)
where Ax is the distance between two consecutive points. If we assume
the grid spacing is square (Ax= Ay) with a value of Al and then substi-
tute the difference approximation into (7), we get the equation for the
relaxation method [7],

Hx ,y =(Bx .,y +Hx .,y , +Bx ...y +Hx .y .4 +4A12p0dlx ,y )/4. (11)

Equations (8) and (9) can be approximated with one of the three point

derivative formulas [8],

aﬂxn,yn/ax ~ (—3Hxn,yn +4Hx ..y -Hx +2Y,) /241, (12)
aHxn,yn/Gx ~ (—Hxn_l,yn +Hxn+1,yn)/2A1, (1?)
aﬂxn,ynlax ~ (Hxn_z,yn —4Hxn__1,yn +3Hxn,yn)/2A1. (14)

The three point formulas were chosen because their error decreases as a
function of Al2 as opposed to a two—point formula whose error decreases
only as a function of Al.
The Privi Field

The driving magnetic field for the iterative solution to the square
box was assumed to be'uniform to matgh the assumptions of the anmalytic
method. When the derivative of the magnetic field wﬁs calculated for the
bone models, the field was not comsidered uniform. Instead, the equa-

tions and program for the magnetic. field created by a set of Helmholtz
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coils were obtained from Sampsel [6]. The derivative of the\ magnetic
field was then made préportional to the field strength at the point im
question. One advantage of wusing the Hélmholtz coils as a driving
source, in addition to being more realistic, was that the boundaries
perpendicular to the pone could be set in an area of small magnetic
field, minimizing their effect of being “artificial boundaries™ on the
solution.

Implementation of the Relaxation Method in FORTRAN

A representative FORTRAN program that solves the equations for the

fields inside a square box is included in Appendix A, The program
assumes the driving magnetic field is uniform on the boundaries of the
box with its derivative equal to BPRIME. ESTIMATE does the iterating
and keeps track of the maximum chanée between the last two iterations
with the variable EPS. When éhe ﬁaximum error criteria is satisf@éd,
the program calculates the currén? densities at each point with the
functions THEL, THER, and THEM. THEL is used to calculate the deriva-
tive when the point in question is omn the left hand side of the inter—
val, THEM is used to qalculate{the derivative when the point-is in the
middle, and THER is used to calculate it when it is on the right hand
side. Thus, THEL and THER are used to calculate the current demnsity at a
boundary, and THEM is used everywhere else inside the box:

Assumptions

In most simulations there must be some assumptions to simplify the
model that is used. In this case seven simplifying assumptions were

made. These assumptions are listed and discussed below.

1. It was assumed the system was linear and contained




homogeneous regions.

2. It was aséumed that the back emf could be ignored.

3. The conductivity of the fluid pocket and intermedullary
canal were assumed to be the same as that of the flesh
surrounding the bone.

4. The leg was assumed to be a\cylin&er with a radius of 32
mm. and a length of 300 mm., the bone was assumed to be
a cylinder with a radius of 8 mm., and the inter-
medullary canal was assumed to be a cylinder with a
radius of 4 mm. (when it was included).

5. The width of the break varied from 4 mm: to 16 mm. (i.e.
one half to two bome radii).

§. The time—rate—éf—change of the magnetic field was stumed
to be 3.48 Tesla/second in all cases.

7. The bone was'Assumed to be a perfect non—conductar.

Assumption (1) was made because biological systems are mnormally
assumed to be linear when dealing Qith large dimensions. Experiments
dealing with 1low levels and dimensions that are large compared to a
single cell show that this is a good approximation. Since this case
deals with 1low frequencies and low drive levels, along with large
dimensions, it is a valid assumption. It is probably mot valid to make
this assumption on a cellular level. At the cellular level there are
processes such as active transport of iomns across the cell wall, and
pockets of protein “floating” in the cell wall which. have mnonlinear

transfer characteristics. These processes make the cell a very mnon—

linear system.
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Assumption (2) was maQe when the second term of equation (1) was
ignored. This assumes the conductivity current term of the equation is
much 1larger than the displacement current term. If we assume a sinu-
soidal time variation, then the right hand side of (1) becomes (¢ +
jwe)E. If we assume the point where we must inciudé the second term
occurs wﬁen lol < |10jw€|, with values of o for physiological saline
(approximately 1 mho/cm) and permittivity (approximately 200), then, the
frequency where we have to include the second term occurs at 56 Mhz.
Since almost all of the energy in most of the signals being used
presently is contained in the frequency region below 1 Mhz., the assump-
tion appears valid in this case. .

The mnext three assumptions were made as a matter of convenience.
The conductivities of the three regions may vary slightly, but it will
not change the current density pattern enough to justify the extra
computer time needed to account for the small variation. The physical
dimensions were chosen to be reasonably close to an average leg and bone
break, yet allow for easy computer programming. The width of the break
was varied to investigate the effect it has on peak current density.

Assumption (6) was made since this is the time-rate—of-change of
.devices presently in clinical use. If other values are desired then
direct scaling can be used. For example, if the time-rate—of-change is
doubled, the current demnsity is doubled everywhere.

The last assumption was made to cut down on the time mneeded to
arrive at a éolution. The conductivity of the bone is known to be
finite, and it ié usually assumed to be a tensor quantity. The actual

conductivity has been measured, however, and shown to be about two
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orders of magnitude smaller than the conductivity of the surrounding
flesh. In additionm, most of the conductivity is  due to
saline contained in the canals permeating fhe bone. The outside of the

bone, which is primarily mineral deposits, looks like a non—conducting

boundary. -




CHAPTER 3

RESULTS

Comparison Between the Two Methods

McLeod [5] has derived the analytic solution for the current
density in a rectangular conducting box with a uniform magnetic field
applied to it. Assuming the magnetic field is in the z direction the

resulting equation for one component of the current density is:

J_ ~ jwucHo(2a) 4 + SINH((nn/2a)y) (15)
x e ngdd—_n’- [COS( (an/28)x)]| oy (an/y v

The coordinates and variables used are shown in figure 1.

y=h

r4
\ 4
el

x==a

Figure 1. Coordinate system of rectangular conducting box.
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The data from the Relaxation Method were compared with McLeod's
analytical solution for the case of a square box. A box was chosen with
the dimensions 5.25 mm. by 5.25 m;. with a conductivity of .71 mhos/cm.,
and a time—rate—of-change of the magnetic field of 5.3 Tesla/sec. This
yielded a 43 by 43 grid with a spacing of .125 mm. in both directions.
The driving parameters of the coil were chosen to be similar to ones now
in clinical use. The compagison between the two yielded very similar
results. For the analytic solution; the peak values of Jx' Jy' and the
total magnitude were 'all .66722 microamps/cmz, and for Relaxation Method
they were 0.66618 microamps/cmz. The maximum difference between the éwo
methods was .01005 microamps/cm2 ( 1.50% of the maximum value), with an

average difference of 4.6 ¥ 10~° 5

(6.9%10 %) for J_ and T, and 2.6°107
(.0039%)for the total magnitude. Finally, the correlation thween the
two methods was .9999968 for J, and Jy, and 0.9999775 for the total
magnitude. This clearly shows that both methods are converging to the
same values. The difference can be attributed primarily to the numerical
approximations made while calculating the spatial derivative of Hz.

ntation of the Data for the Squ Box E

One of the problems encountered is how to present the data to re-
searchers in different disciplines. A printout of an array of numbers
is difficult to interpret. To further complicate matters the data are
two—dimensional (Jx,Jy) over a two—dimensional area (the dimensions of
the box). A combination of four methods were used to solve this

problem.

The first method used to present the data is a “flow map" of the
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system. At each point in the grid a short line segment is drawn whose
length is proportional to the magnitude of the current density and whose
direction indicates the direction of current flow. Figurec 2 's an exam—
ple of this method for the square box. This picture shows how the
current density starts out at 0 in the center and increases to a maximum
at the edge of the box. It also shows how the current tends to flow in

a circle in the center and parallel to the boundaries at the edges.
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Figure 2. Magnitude and Flow Graph of Square Box

The second method is very similar to the first. The magnitude
information is taken out by making the line segments all the same
length. This brings out the current flow patterns in areas where the

current density is small. Figure 3 gives us an example of this. One

can see the direction of flow more clearly in the center now.
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Figure 3. Flow Graph of Square Box.

Method three contains only magnitude information about the current
density. The magnitude of the current density is plotted as the verti-
cal dimension in a three dimensional picture. This gives the viewer a
good idea of what is happening spatially in the system. Figures 4
through 7 are some representative three dimensional views of the square
box as the observer '‘walks’’ around the box. Figure 4 is a view of the
current density over the whole box. The thin lines are the actual grid
points shown in the plane of 0 magnitude. This view clearly shows that
the magnitude is 0 in the center of the box and at the corners, and that
the maximums are at the center of the edges of the box. This view also
indicates that even for this simple geometry, the spatial 6urrent dis-

tribution is not a simple function. Figures 5, 6, and 7 are
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different views of one quadrant of the box. The insets show the direc-—

tion of observation.

Figure 4. Three Dimensional View of Square Box .

The last method is just a normal X-Y plot of the magnitude of
current density along some line of interest. Figures 8, 9, and 10 show
representative graphs of this method. The characteristic shapes shown
in these graphs can also be seen in the three dimensional views. This
gives the observer a connection between the different methods of

presentation.
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The Bone HModels

The diagrams of the different bone model boundaries are included in
Appendix C. They are meant to represent a cross—section of a leg taken
along the longitudinal center line. Most of the models were)chosen to to
be symmetric about the longitudinal ceﬁter line in order to reduce the
computer time needed to find a solution and simplify the presentation of
the data.

Since the dimensions of the systems are all similar, any differen—
ces in peak induced current density betwéen them can be attributed to
differing boundary conditions. In these models there are three types of
breaks, male, female, and square. The female has tﬁe sharpest “point”,
the square break has an intermediate point, and the male has the dullest
point. Since the peak current density seems to ocour at these points,
it would seem to be a good place to cémpare current densities. In the
case of the female point, the current density was 13.7 microamps/cmz,
the square point was 10.5 microamps/cmz, and the male point was 8.7
microamps/cmz. This gives us a difference in magnitﬁde of 1.57:1 which
could be significant. If the electric current is .the coupling mechanism
to the cell, then the external drive level could be sharply-reduced if
the coils were positioned to take advantage of an abrupt point. l

In addition to boundaries, the separation of the two bones has an
effect on the peak current density. Figures 12-14 show the same frac-
ture with the ends separated by different distances. For a separation
of 4 mm., the peak current density was 6.5 microamps/cmz, for 8 mm. it
was 8.6 microamps/cmz, and for 16 mm. it was 11.5 microamp;/cmz. Notice

that the current density increases in a nonlinear fashion as the ends.of
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the bones become more separated. This may be either good or bad. If
the biological effect has a dose or amplitude window as some people
suggest, the effect may be greater if the separation is increased for a
given drive level. If the drive level is great enough, however, the
effect may diminish for a greater separation. The bone also appears to
have a harder time healing itself if the separation is too large.

Appegdix D contains all of the flow and magnitude graphs of the
bone models. The data are shown for only one quadrant of the break, but
the data for the other quadrants are a mirror image of the quadrant
shown. The first fact that becomes apparent when looking at the flow
graphs is that the current tends to flow parallel to the bone. The
magnitude graphs also show the curr;nt density is much larger at the
corners 6f the bone than the rest of the system. As the point of thé
bone becomes more acute (more pointed), the current density tends: to
increase to a higher value and become more localized. As the distance
between the bone faces increases, the peak current density increases in
a nonlinear fashion. Let us take a closer look at one example, the
model that has two female type of bone faces'with the intermedullary
canal included. Figures 18 and 19 clearly demonstrate that the current
does tend to stay parallel when it is close to the bone. Along the fa?e
of the boné, however, the lines begin to pull away since they must also
continue on to ;he other side of the break, and finally'back to flowing
parallel to’ﬁhe other portion of the bone. An interesting secondary
feature appeares on the bome face at approximately the center. This is
an induced current minimum. This feature is depen—

dent on the boundaries of the system. In the case of the square end
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boundaries, the minimum doesn’t exist.

The flow and magnitude graphs give a good overall view of how the
system looks, but it d?es not give the actual levels of induced current,
or even a good idea of how the magnitude changes in the region of the
break. The X-Y plots in Appendix E give a much better idea of £he actual
magnitude of the current inside the break. Figure 32 shows the magni-
tude of current density versus distance for the centerline between the
ends of the break. Figure 33 shows a parallel slice éontaining tﬁe
outside point of the bone. Notice how much the current demnsity varies
near the point. Ve expécted to see this from the magnitude and flow
graphs shown previously. g

The next graph shows a slice taken mnear the induced current
minimum. The bone shows up as the area with zero current demnsity since
it is a perfect non—conductor. Fiéure 35 shows a slice containing the
point omn the inside of the break. Notice again that a smaller current
maximum occurs at the point. These graphs distinctly point out the non-
uniform nature of the current density. One can also see-that the edge
of the bone tends to be the current maximum for that area. This is one
advantage of wusing inductive coupling. The maximum induced curresnt

density is located at the break, so theoretically &ou can localize the

induced current in the areas where it is needed.

Appendix F contains the three dimensional views of the break. The’

views start looking at the outside of the bone with the break to the
left. Each proceeding view moves around 45 degrees clockwise to give
the viewer a good perspective of all sides. Each of the features shown

in the previous graphs can be located in these three dimensiomal views.
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These views again point out how the current density is maximized at the
points. The difference is so great on the outside point that it makes a
good landmark in viewing the different graphs. Figure 41 shows several
features very well. The observer is standing in the break looking down
the bone. The main point can be seen on the right hand side of the view
and the lesser point to the left. The current is seen de;reasing as one
ﬁoves away from both edges of the bone, also, the minimum on the bone
face can be seen. There appears to be an "aftificial boundary extend-
ing from tye inside edge of the bome into to the gap. This also appears
in the two—dimensional plots as a feature at aéproximately 4 mm. in each
of the slices (figures 32-34). Figure 45 is the view looking toward the
break from inside the bone. The bone is clearly seen here along with
the minimum on the bone face. Both peaks are also visible. The combi-
nation of the above methods gives the observer a good feel for the

spatial distribution of the induced current demsity inside the break.
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CHAPTER 4

CONCLUSIONS

This paper has considergd a computer gemnerated solution to the
classic Helmholtz equation for several sets of boundaries. The delivery
system for the square box was chosen to be a uniform magnetic field. Tﬂe
equations for a set of Helmholtz coils were used with the bone models to
more closely approximate what researchers are using in ongoing experi—
ments. The results from these simulations indicate that the induced
current density is a strong function of the boundaries of the system.
This indicates that the design of a particular delivery system may have
to include spatial characteristics of the fracture in addition to the
time varying parameters of the signal.

Part of the problem‘with thé computer solution is presenting the
data in‘ fashion that is straightforward and simple so that it is usable
b; a wide variety of researchers in multi-disciplinary fields. This
point has been addressed by displaying the data in several different
forms, and shows that a comnnection between the different forms can be
seen.

The bone models that were chosen simulatelsimple non—union frac-—
tures in the lower leg. One of the first conclgsions that can be drawn
is that the current demnsity is far from uniform. In fact, it appears
that as much as an order of magnitude variation can be seen in relative—
ly confined areas. If we assume that it is the current density and not

the magnetic field that stimulates the bone to heal, then the peaks of
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current density occurring at the points of the bone may be of prime
interest. Also, if there is a “window" of qn?rent density above or
below which the stimulation is not effective or even harmful, then the
spatial distribution of the current density becomes important to both
the designers of the delivery system, and how the unit is placed aréund
the break. ‘

Another conclusion that can be drawn from the data is that the
general flow of the current densitx lines is not across the gap. Rather
the flow tends to be parallel to the bone until points relatively far
from the bone are reached. Even in the gap the>lines tend to loop into
and back out of the gap as opposed to flowing across the gap.

The limitations of this model should also be pointed out. First
and prébably most importantly the computer time (and cost) increases
very rapidly as the model becomes more complex. This limits the model'’s
usefulness in simulating breaks that are more realistic. However, adding
more points and bends would be very expemsive to do and would not yield
much more useful information. One can also decrease the grid size for
more accuracy and better resolution, but again, the computer time in-
creases dramatically even when the resglution is just doubled.

In summary, this thesis presents)a tool to help researchers better
understand the underlying mechanisms in their systems. Its wuse for
real fractures is limited, but it should givé researchers a better feel
for what is happening in their system. Simulations such as this one will
become increasingly vital as the search for a mechanism narrows down to

the cellular level.
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APPENDIX A

SQUAREBOX PROGRAM

CE338 0550058300850 000 SR VPSSSRL LSRR LSRR LSS ESS00S

C#** THIS PROGRAM CALCULATES THE CURRENT DENSITY INSIDE A SQUARE ##=*
Cess CONDUCTING BOX WITH DIMENSIONS 5.25 mm. by 5.25 mm. sse
et T T T T T T T I
Ce*s s
C*** Variables: Ll
Ce*s GRID: Grid is a two—dimensional matrix containing the hbdd
Cees values of the H field in the box. s
Cess BPRIME: Bprime is the time derivative of the driving B Wb
Ces»s field. a3
Cese SIGMA: Sigma is the conductivity of the box. s
Cees EPS: Eps contains the largest change in grid between the 9*%¢
Chen last two iterations. 296
Cese EPSMIN: Epsmin contains the maximum allowed change between *%*
Ceen any two iterations before the program will cal-  *%¢
Cses culate the current densities inside the box. $9e
Ceee CUR: Cur conatains the current densities inside the box. nee
Cese MAX: Max is the maximum number of iterationms. sl
Cess sss
L T T T T T T T T Y T T T T T
C*** Subprograms: sse
Coes ESTIMATE: Estimate uses the Relaxation Method to calculate ***
Ceee the next point in an iteration. *ee
Cess THEL: Thel calculates the derivative with a three point a8
Cees method assuming the point in question is on the b
Cses left hand side. .se
Cess THEM: Them calculates the derivative with a three point s b
kg method assuming the point in question is in the see
Cess middle. $es
Csses THER: Ther calculates the derivative with a three point i
Cess method assuming the point in question is on the e
Cees right hand side. 2l
Cess L3 2

C‘.‘....““t.“..“““..“..".‘....‘O.‘.‘.“.“‘.‘.“““‘..“.‘..“

IMPLICIT REAL*8 (A-H),(L-Z)
REAL*8 GRID(-21:21,-21:21)
REAL*8 EPS, BPRIME, SIGMA
REAL CUR(-21:21,-21:21,2)
REAL*8 EPSMIN

WRITE(5,4)
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CEEEE 55X %6 60000

Ce**s%+%% Input magnetic field derivative, conductivity,
C**%%%%%%* maximum change between two iterations, and
CH#*#%%%%%% maximum number of iterations.
CHEESFEEFFBERF SRR SRR RN SRR RN R SRR ER
4  FORMAT(' What are Bprime,sigma, epsilon, and the maximum # of '
il ,'iterations? ')
READ (4, *) BPRIME, SIGMA, EPSMIN , MAX
BPRIME=BPRIME*SIGMA*.125D-3%*,125D-3
EPS=2 ., *EPSMIN
DO 8 II=1,MAX
CHESESERRSRBERRREE LRSS RRRRS SRS RS
Ce#ss*%%%** Check for change between two iterations and branch out if
Ce*sse8%% the criteria is satisfied.
L T T T T T T T I I e
IF (EPS.LT.EPSMIN) GOTO 8
EPS=0.
CHESERERRSRFESRRS SRR RRRSSRF RIS RRRRER0E
C**%%%%%%* Do the relaxation method.
CHESESEBREBE 2B RRSSSERRSRSRS SRR RS RS
CALL ESTIMATE(-20,20,1,-20,20,1,5,GRID,EPS, BPRIME)
CALL ESTIMATE(20,-20,-1,20,-20,-1,5,GRID,EPS,BPRIME)
WRITE(S,*)II,EPS
8 CONTINUE
L T T T T T T T T T

C**%%%%%%* Calculate the current on the edges of the boxes.

e T T T T Y T e
DO 9 J=-20,20
CUR(J,-21,1)=8D5*THEL(GRID,J,-21,0,1)
CUR(J,-21,2)=0.
CUR(J,21,1)=8D5*THER(GRID,J,21,0,1)
CUR(J,21,2)=0.
CUR(-21,7J,2)=8D5*THEL (GRID,-21,7,1,0)
CUR(-21,7,1)=0.
CUR(21,7J,2)=8D5*THER(GRID,21,7,1,0)

9 CUR(21,7,1)=0.

CHESERFESREB XSS REBRES SRR ERF RSB SR

C**%%%3%%% Calculate the current inside the box.

L T T T T T T T T T
DO 45 I=-20,20
DO 44 J=-20,20
CUR(I,J,1)=8D5*THEM(GRID,I1,J,0,1)
CUR(I,J,2)=8D5*THEM(GRID,I,J,1,0)

44 CONTINUE

45 CONTINUE

L LT T T T e Y

C***%%%%% Print out the results of the run.

L L T T T T T T T T T T Y
WRITE(6,*)((CUR(I1,T,1),J=-21,21),1=-21,21)
WRITE(6,*) ((CUR(I,T,2),J=-21,21),1=-21,21)
END
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Cre2255 8050200800000 E0 800550520 SR 8888

Cessseses Estimate
CEE2SE2EE22ELR RS SLR0EERE2LRESERBE 20888

SUBROUTINE ESTIMATE (YSTART, YEND,DELTAY,XSTART, XEND,DELTAX,N,

1 GRID, EPSILON, BPRIME)

IMPLICIT INTEGER (A-Z)

REAL*8 GRID(-21:21,-21:21),EPSILON, OLD, BPRIME

TEMP=DFLOTJ (DELTAY*DELTAX)

DX=ABS(DELTAX)

DY=ABS (DELTAY)

DO 10 J=1,N

DO 20 JVERT=YSTART,YEND, DELTAY
DO 30 JHORZ=XSTART,XEND, DELTAX
OLD=GRID (JVERT, JHORZ)
GRID (JVERT, JHORZ ) =(GRID (JVERT-DX, JHORZ ) +

1 GRID (JVERT+DX,JHORZ) +
1 GRID (JVERT, JHORZ-DY) +
) | GRID (JVERT, JHORZ+DY) -
1 BPRIME) /4D0
IF(EPSILON.LT.DABS(GRID (JVERT,JHORZ) )-

1 DABS(OLD)) EPSILON=DABS(DABS(GRID(JVERT,JHORZ) )~
1 DABS(OLD) )

30 CONTINUE

20 CONTINUE

10 CONTINUE
RETURN
END

CHe22253 82000004 E NSRS R0SS088085038

C*sssssss Thel
CEs220202202300RR20 SRR N s

FUNCTION THEL(F,X,Y,DX,DY)
REAL*8 F(-21:21,-21:21)
INTEGER X,Y,DX,DY
THEL=-3 .*F(X,Y)+4 .*F(X+DX,Y+DY)-F (X+2*DX, Y+2*DY)
THEL=THEL/2.
RETURN
END
CHESE2S42802030840880S083S8820388888888088

C**s338%% Them
CHESSRESS50088402882080S2E0EREERESE0ERESS
FUNCTION THEM(F,X,Y,DX,DY)
REAL*8 F(-21:21,-21:21)
INTEGER X,Y,DX,DY
THEM=-F (X-DX, Y-DY) +F (X+DX, Y+DY)
THEM=THEM/2.
RETURN
END
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CHESL 2202402008 REESS4000088880800 08
Cs#ss8s%s Ther
CESSES2220 4200800288020 084820088880808
FUNCTION THER(F,X,Y,DX,DY)
REAL*8 F(-21:21,-21:21)
INTEGER X,Y,DX,DY
THER=F (X-2*DX,Y-2*DY)-4.*F(X-DX,Y-DY)+3.*F(X,Y)
THER=THER/2.
RETURN
END
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APPENDIX B

ANALYTIC PROGRAM

Ct.....‘#..“.‘.“..‘...0.““.‘“.‘..O..“t“‘.“0."..‘.‘#.Ott..‘.“.

Ce*#* THIS PROGRAM CALCULATES THE CURRENT DENSITIES IN A RECTANGULAR *#**

Ceses» BOX FOR A 43 BY 43 GRID USING MCLEODS ANALYTICAL METHOD. bdds
CEESS440003 S0 ERRRS LSRN ERSSIIISSIISEILRSRE LIRS ERES

Cess s5%
Cs** Variables: b ibadd
Coes BPRIME: Bprime is the derivative of the driving B field. b
Cs%n SIGMA: Sigma is the conductivity of the box. see
Cees CUR: Cur conatains the current densities inside the box. sse
Cese HEIGHT: Height is the height of the box. es
Csee WIDTH: Width is the width of the box. e
Cees s8%
COHPESSEIRESAS4RESERERSEERERERRRILERERERIRINPINIRINSRINRSNEERRNESS
C*#** Subprograms: e
Ceee J: J calculates the current density given the position of *%#
cesee the point in question and parameters of the box. e
Csee SINH: Sinh calculates the hyperbolic sine. oo
Coes COSH: Cosh calculates the hyperbolic cossine. e
Cess s

C‘O“..‘t"‘““‘..O‘O‘.‘..““‘...O.“....‘.‘.‘.....““.‘.'0.“.0‘0“

4 -~ REAL HEIGHT,VWIDTH,OMEGA, SIGMA, BPRIME
REAL VERT(5000),J,JX,JY,CUR(-21:21,-21:21,2)
EXTERNAL J
CESSSE2420842 SRR ERSEESREIRES008000
Cs#s*s¢+ Input box dimensions, conductivity, and the magnetic field
Cesesssss  derivative.
CHSSESISSS44SS0S0REESERSRSSSSSS00080040
WRITE(5,*)' Box height(mm), width(mm), cond., and Bprime?’
READ(7,*)HEIGHT,WIDTH, SIGMA, BPRIME
HEIGHT=HEIGHT/1000.
WIDTH=WIDTH/1000.
TEMP=SIGMA*BPRIME
COESBSE4 04SSR EESSLERRREISSISISHSSIS400800

Ce#sss%% Set up do loop to calculate current demsities
CEesS424423882808000R020S00SIS4SR800000%8

DO 10 IX=-21,21

DO 10 IY=-21,21

X=IX*HEIGHT/42.

Y=IY*WIDTH/42.
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C*e355558 8088000000080 4800E8S28008

Ce*ess%% Calculate Jx
LT T Y T T T

CUR(IX,IY,1)=J(WIDTH,HEIGHT,Y,X,TEMP)*100
CESS22S8000883000800088000888858308808888008

Cesssess Calculate Jy

CH882252888533088808000EE5020HSSEER2REESR0S
CUR(IX,IY,2)=-J(HEIGHT,WIDTH,X, Y, TEMP)*100

10 CONTINUE

(3588525888802 88802084SRRLRRB SRR ESES

C##ss%%% Print out the results
Co888880083 8800888883000 REEESRERSESS
WRITE(6,*) ((CUR(IX,IY,1),IY=-21,21),1X=-21,21)
WRITE(6,*) ((CUR(IX,IY,2),1Y=-21,21),1IX=-21,21)
8 FORMAT (2(X,E16.9))

END
CEee2 2208020000000 0402000000 RRSRES

Cosssssss J
LTI T T T T R P PR PR P P T Y T
REAL FUNCTION J(H,W,X,Y,T)
REAL H,¥,X,Y,T
EXTERNAL SINH,COSH
PI=3.1415926
YY=-1
YT=0
DO 10 I=1,400,2
YY=-YY
TEMP=FLOAT (1)*PI/W
T1=TEMP*X
T2=TEMP*H/2.
L L T P R R T A DL LT
Cesss%8% Don’'t allow the EXP funcion to overflow or underflow
CHESREEE20830SSERESEELEERESREIIEEIISE2000S
IF (ABS(T1).GT.80.0R.ABS(T2).GT.80) GOTO 11
10 YT=YT+YY*COS(TEMP*Y)* (SINH(T1)/COSH(T2))/(FLOAT(I)*FLOAT(I))
11 J=YT*T*4.*VW/ (PI*PI)
RETURN

END
COEBRABRILRLALRLISSSEBIBRISSSSSIRSI2SB8888%

Csssss888 Sinh
CHES4SSE0S42S40S0E2EERESS SIS SISIS30

SINH=(EXP(X)-EXP(-X))/2.
RETURN
END

CEESE2S4S4S0S00SISREEEELERRSISEIS00888
Cssssssss Cosh
CHEFSE2S04282800808004SS008288088888080

FUNCTION COSH(X)

COSH=(EXP (X)+EXP(-X))/2.

RETURN

END
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APPENDIX C

DIAGRAINS OF THE DIFFERENT BONE MODELS
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APPENDIX C

DIAGRAMS OF THE DIFFERENT BONE MODELS
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Figure 11. Diagram of Female-Female Break with I.M. Canal
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Figure 12. Diagram of Square Break with I.M. Canal (4 mm.)
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Figure 13. Diagram of Square Break with I.M. Canal (8 mm.)
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Figure 14. Diagram of Square Break with I.M. Canal (16 mm.)
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Figure 15. Diagram of Male-Male break




8man_-

Vo i

Figure 17. Diagram of Slanted Break
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APPENDIX D

FLOU AND MAGNITUDE GRAPHS OF THE SPATIAL CURRENT
DENSITY FOR THE BONE BREAK HODELS
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APPENDIX D

FLOW AND MAGNITUDE GRAPHS OF THE SPATIAL CURRENT

DENSITY FOR THE BONE BREAK MNODELS
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Figure 19. Magnitude and Flow Graph of
Female-Female Break with I.M. Canal
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Figure 20. Flow Graph of Square Break (4 mm. )




Figure 21. Magnitude and Flow Graph of Square Break (4 mm.)
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23. Magnitude and Flow Graph of Square Break (8 mm.)
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Figure 24. Flow Graph of Square Break (16 mm.)
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Figure 26. Flow Graph of Male-Male Break
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Figure 27. Magnitude and Flow Graph of Male-Male Break
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Figure 28. Flow Graph of Female-Female Break
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Figure 29. Magnitude and Flow Graph of Female-Female Break
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Figure 30. Flow Graph of Slanted Break
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Figure 31. Magnitude and Flow Graph of Slanted Break
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" APPENDIX E

TY0 DIMENSIONAL GRAPHS OF THE MAGNITUDE OF THE INDUCED
CURRENT DENSITY FOR THE FEMALE-FEMALR
BREAK WITH INTERMEDULLARY CANAL




APPENDIX E

TWO DIMENSIONAL GRAPHS OF THE MAGNITUDE OF THE INDUCED

CURRENT DENSITY FOR THE FEMALE-FEMALE
BREAK VWITH INTERMEDULLARY CANAL
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Figure 32. Graph along Centerline of Break
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Figure 33. Graph of Slice Containing Outside Tip
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Figure 34. Graph of Slice Containing Center of Bone Face
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Figure 35. Graph of Slice Containing Inside Tip
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Figure 36. Graph of Outside Edge of Bone to Tip




8,80 11.00

6.60

(MR/CM?2)

4.40

MAG

2.20

58

.........................................................................................

..........................

(MAR/CM2)

MRG

o000
-

11.00

5,60 8, 80 ;

4.40

2£20

0.00 3,40 6.8

.00 1.13 2.2 3. 39 4 53 &

6
POS.

Figure 37. Graph of Bone Face from Outside to Inside
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APPENDIX F

THEEE DIIIENSIONAL VIEYWS OF THE MAGNITUDE OF THE INDUCED
CURRENT DENSITY FOR THE FEMALE-FEMALE
BREAK UITH INTERMEDULLARY CANAL
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APPENDIX F

THREE DIMENSIONAL VIEWS OF THE FEMALE-FEMALE
BREAK WITH INTERMEDULLARY CANAL
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Figure 39. Three Dimensional View of Break Looking from
Outside Toward the Outside Edge of Bone
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Figure 40. Three Dimensional View of Bone Looking from
Outside Toward the Outside Corner of Bone
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Figure 41. Three Dimensional View of Bone Looking from
Center of Break Toward Bomne Face




63

) A" ATAN
"ATAY AN
XIS
Sl

Figure 42. Three Dimensional View of Break Looking from
Center of Break Toward Inside Corner
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Figure 43. Three Dimensional View of Break Looking from

Inside of I.M. Canal Toward Inside Edge
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Figure 44. Three Dimensional View of Break Looking from
Inside of I.M. Canal Toward Break
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Figure 45. Three Dimensional View of Break Looking from
Inside of Bone Toward Break
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Figure 46. Three Dimensional View of Break Looking from
Outside Toward Break
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